A simple and effective method is introduced to synthesize a series of polystyrene-b-poly(oligo(ethylene oxide) monomethyl ether methacrylate)-b-polystyrene (PSt-b-POEOMA-b-PSt) triblock copolymers. The structures of PSt-b-POEOMA-b-PSt copolymers were characterized by Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance ( 1 H NMR) spectroscopy. The molecular weight and molecular weight distribution of the copolymer were measured by gel permeation chromatography (GPC). Furthermore£¨the self-assembling and drug-loaded behaviours of three different ratios of PSt-b-POEOMA-b-PSt were studied. These copolymers could readily self-assemble into micelles in aqueous solution. The vitamin E-loaded copolymer micelles were produced by the dialysis method. The micelle size and core-shell structure of the block copolymer micelles and the drug-loaded micelles were confirmed by dynamic light scattering (DLS) and transmission electron microscopy (TEM). The thermal properties of the copolymer micelles before and after drug-loaded were investigated by different scanning calorimetry (DSC). The results show that the micelle size is slightly increased with increasing the content of hydrophobic segments and the micelles are still core-shell spherical structures after drug-loaded. Moreover, the glass transition temperature (Tg) of polystyrene is reduced after the drug loaded. The drug loading content (DLC) of the copolymer micelles is 70%-80% by ultraviolet (UV) photolithography analysis. These properties indicate the micelles self-assembled from PSt-b-POEOMA-b-PSt copolymers would have potential as carriers for the encapsulation of hydrophobic drugs.
Introduction
Amphiphilic block copolymer has multiple morphologies generated by its different chemical interactions between two blocks or environment. The chemical bond between different blocks prevents phase separation at the macroscopic length scale while allowing microphase separation of the two blocks, which results in self-assembled into a variety of highly ordered mesoscopic patterns in the selective solvents, such as spherical, 1,2 cylindrical, 3 worm, 4 petal, 5 bowl, 6 and vesicle.
7 These self-assembled domains are essentially monodisperse and have nanometer dimensions, with morphology and domain sizes generally controlled by adjusting each block's length and the total molecular mass.
8 These block copolymers with the variety of patterns can be used as drug carriers, molecular recognition, and nano-composite materials, etc. With the hydrophobic core and the hydrophilic shell, amphiphilic block copolymers as drug carriers have the potential to control the release of drug and can be intelligent targeting.
9-11
Amphiphilic block copolymer can be prepared by controlled/living radical polymerization (CRP), which provides a versatile route for synthesis of (co)polymers with narrow molecular weight distribution, designed architectures, and useful end functionalites. [12] [13] [14] Reversible addition fragmentation chain-transfer (RAFT) polymerization is one of the important CRP, which can be used with a large variety of monomers and be tolerant to a wide range of functional groups and reaction conditions, which also can be simple to implement and inexpensive. 15 Matyjaszewski et al. has synthesized poly(oligo(ethylene oxide) monomethyl ether methacrylate)-block-polystyrene with the end bromine functionality using atom transfer radical polymerization (ATRP).
16
The operational approach was complex relatively. Here, we introduce a simple approach to synthesize the copolymer polystyrene-b-poly(oligo(ethylene oxide) monomethyl ether methacrylate)-b-polystyrene (PSt-b-POEOMA-b-PSt) by RAFT polymerization.
In the past, there were some research works about polystyrene as the hydrophobic drug carriers because of the excellent compatibility between polystyrene and the lipidsoluble drugs. 17, 18 Oligo(ethylene oxide) monomethyl ether methacrylate was an analogue of linear poly(ethylene oxide) (PEO), which was biocompatible and prevent nanoparticle uptake by reticularendothelial system (RES). 19 The PSt-b-POEOMA-b-PSt amphiphilic block copolymer could be an excellent carrier for hydrophobic drug compared with other triblock copolymers. The goal of our work is to synthesize the amphiphilic block copolymer PSt-b-POEOMA-b-PSt with the carboxy end groups by a simple method of the RAFT polymerization and use the copolymers for the carriers of the drug. FTIR, 1 H NMR, and GPC measurements were used to characterize these block copolymers. The aqueous solution was chose as the selective solvent to observe the morphology of self-assembly of the copolymer micelles through DLS and TEM, and then the lipid-soluble drug vitamin E was loaded into the copolymer micelles. The thermal properties of the copolymer and drug-loaded copolymer micelles were investigated by different scanning calorimetry (DSC). The drug loading content (DLC) of the copolymers was also evaluated through UV photolithography analysis.
Experimental
Materials. Oligo (ethylene oxide) monomethyl ether methacrylate (OEOMA300) with M = 300 g/mol and pendent EO units DP ≈ 7 (Aldrich; 99%) was purified by passing through a column filled with basic alumina to remove inhibitor. DL-α-Tocopherol (Vitamin E) was used as received from Aladdin. Styrene purchased from Tianjin Chemical Reagent First Factory was distilled in high vacuum and stored in a brown glass bottle under 5 o C. Dimethylformamide (DMF) and azo-bis-isobutyronitrile (AIBN) were used as received, and all other solvents and reagents were used directly without further purification.
Measurements.
1
H NMR spectra was recorded on a Bruker AVANCE-400 spectrometer at 400 Hz using deuterium with chloroform (CDCl 3 ) as the solvent. FTIR spectra were recorded by a Nicolet VATAR-360 spectrometer. Samples were film-cast onto potassium bromide plates. The GPC measurement was conducted with a Wyatt DAMN-EOS system using polystyrene as the guide sample and tetrahydrofuran (THF) as the mobile phase at a flow rate of 1.0 mL/min. The thermal properties of the copolymer and drug-loaded copolymer micelles obtained by lyophilization were measured by DSC measurements carried on a Mettler-Toledo 822e thermal analyzer, which was operated in an identical manner with a heating rate of 10
The morphology of micelles was observed by TEM with FEI Tecnai-G20 instrument at an acceleration voltage of 100 keV. In brief, a drop of the micelle suspension (containing micelles with no drug and micelles with drug loading) was placed on a copper grid. And the size of micelles was detected by DLS using a Malvern ZS90 Nanosizer instrument. UV photolithography was carried out by Hitachi Limited U-400 instrument. The amount of Vitamin E loaded in the copolymers was determined on the basis of the UV photolithography absorbance intensity at 294 nm, using a standard calibration curve experimentally obtained. The critical micelle concentration (CMC) of copolymer in water was estimated by fluorescence spectroscopy using pyrene as a hydrophobic fluorescence probe. Twelve samples of copolymer solution with concentrations ranging from 6.10 × 10 . Polystyrene macro-RAFT agents (PSt-BDATC), with trithiocarbonate end group, were synthesized according to Reference 20. PSt-BDATC was placed in a Schlenk flask (an exhausting-refilling tube with nitrogen process repeated three times) and dissolved in dimethyl formamide (15 wt %). Subsequently appropriate amount of azo-bis-isobutyronitrile (0.024 mM) and another macromonomer OEOMA300 were added into the Schlenk flask, then the system was degassed by three freeze-pumpthaw cycles and heated in an oil bath at 80 o C for 24 h. After the completion of the reaction, the product was precipitated into petroleum ether and dried in vacuum oven to constant weight. Different POEOMA compositions of copolymers were achieved by keeping a constant block length for PSt while changing the POEOMA block length, S1 (mPOEOMA :mPSt = 2:1), S2 (mPOEOMA:mPSt = 1:1), S3 (mPOEOMA :mPSt = 1:2).
Preparation of Self-Assembly of Block Copolymer Micelles. Aqueous solution is compatible to the hydrophilic shell but incompatible to the hydrophobic core, so the aqueous solution can be used as the selective solvent. 3.3 mg copolymer was firstly dissolved in 3 mL tetrahydrofuran and then the solution was dropped into 15 mL redistilled water with gently stirring. The stirring continued 24 h till the residual tetrahydrofuran was completely removed through evaporation. After 24 h, the 0.22 mg/mL solutions of S1, S2, and S3 appeared bluish clear, slight cloudy, and cloudy, respectively. The morphology of the micelles was observed by TEM. Meanwhile, the micellar particles were obtained by lyophilization in order to analyze the thermal properties in the dry state.
Hydrophobic Drug Loading. It is well known that a hydrophobic drug can be physically loaded and stabilized in the hydrophobic micellar inner core by hydrophobic interactions. Herein we chose vitamin E as a model drug and prepared the corresponding drug-loading micelles by the dialysis technique. A mixture of 25 mg copolymer and 10 mg of vitamin E was dissolved in 10 mL of DMF, and stirred until completely dissolved. The redistilled water was dropped in the rate of 10 s/d with strong magnetic stirring until the system exhibited slightly white turbid. Then the mixed solution was transferred to 3500 MW dialysis bag and dialyzed at 4 o C. After dialyzed, the mixed solution was centrifuged at 4000 r/min about 20 min in order to remove the unloaded drug and copolymer. And then the micelle particles were also obtained by lyophilization in order to analyze the thermal properties in a dry state. VE-loaded micelles obtained by lyophilization were dissolved by the addition of DMF. The amount of VE entrapped was determined by measuring the UV absorbance at 294 nm. The drug loading content (DLC%) of VE in these micelles was calculated according to the Eq. (1).
Drug loading content (DLC)(%) = × 100% (1)
In vitro Drug Release Profile. The drug-loaded micelle was dispersed in 2.5 mL of buffers at pH 7.4. The solution was then filled into a dialysis bag with 3500 MW and submerged fully into a beaker containing 60 mL of the corresponding buffer solution. The beaker was maintained in a 37.0 ± 0.1 o C water bath and stirred at 100 rpm. At regular time intervals, the entire external medium was removed for UV analysis of its VE content and replaced with fresh buffer.
Results and Discussion
Characterization of PSt-b-POEOMA-b-PSt Triblock Copolymers. The synthetic strategy of PSt-b-POEOMA-bPSt is shown in Scheme 1. In the first step, PSt-BDATC was prepared by RAFT polymerization at 140 o C with BDATC as the micro-RAFT agent. BDATC was chosen as chain transfer agent (CTA) because of its convenient preparation and high yield, and two carboxyl pounds could be easily reacted with styrene. Furthermore, BDATC was a very efficient CTA due to the carboxyl-stabilized tertiary carbon radicals during the polymerization. The tertiary carbon radical formed by cleavage of carbon-sulfur single bond showed the high chain-transfer efficiency due to the carbonyl stabilization.
21
In the second step, the obtained PSt-CTA was served as macro-RAFT agent. During the process, PSt-CTA reacted with another macromonomer OEOMA300 in the present of AIBN at 80 o C. The addition of an amount of less than 3 mol % AIBN equivalent of BDATC could give high endfunctionalities.
The structure of amphiphilic block copolymer was characterized by FTIR, 1 H NMR, GPC techniques. FTIR analysis was performed for the micro-RAFT agent, macro-RAFT agent and copolymer. Figure 1 shows that the carbonyl stretching of BDATC was at 1701 cm −1 , after embedding in PSt, the PSt-BDATC showed the characteristic peaks of the benzene rings, and the ν(C=O carbonyl group) at 1701 cm was replaced by two absorption bands at 1718 cm −1 and 1680 cm −1 with lower intensity, which could be attributed to the asymmetrical and symmetrical stretching of the carbonyl interaction when the styrene was bound. Adding the second mass of drug loaded in micelles mass of the block copolymer and drug  ------------------------------------------------------------------------------------------ monomer OEOMA300, the two absorption bands were replaced by one absorption band at 1728 cm −1 , which could be assigned to the ν(C=O carbonyl group and ester group), a broad peak at 1121 cm −1 was assigned to the absorption of methoxy of -O-CH 2 group. The successful synthesis of copolymer was preliminarily verified by FTIR.
The 1 H NMR spectra of macro-RAFT agent PSt-BDATC and the block copolymer PSt-b-POEOMA-b-PSt are shown in Figure 2 . In the spectrum, the peaks in the region from 1.23 ppm to 1.85 ppm were assigned to the protons of CH and CH 2 in polystyrene, and multiplets between 6.25 ppm and 7.15 ppm, correspond to the protons of benzene ring. When the second monomer added, the peaks were respectively ascribed to repeating OEOMA300 units at 3.4 ppm (m, 3H, -O-CH 3 , poly), 3.7 ppm (m, 2H, -O-CH 2 -, poly) and the methylene of ending OEOMA300 unit at 4.1 ppm (m, 2H, -CH 2 -O-, poly).
The GPC curves of macro-RAFT agent and the corresponding block copolymer are shown in Figure 3 . The peak of GPC curve moved to the high molecular weight after the second monomer added. Dispersion remained at the low level, and no shoulder on peaks appeared. The molecular weight and molecular weight distribution of the macro-RAFT agent and block copolymers are shown in Table 1 . The chain length of PSt was the constant, but the chain length of OEOMA300 was changed with increasing the amount of the macromonomer OEOMA300. The results showed that the molecular weight distributions were about 1.30. So these fully embodied the characteristics of living polymerization. Taken together, these data strongly proved the successful synthesis of the PSt-b-POEOMA-b-PSt copolymer.
Critical Micelle Concentration. The CMC is an effective parameter of micellar stability and a low critical value is desired. The micelle formation was monitored by using pyrene as a hydrophobic probe. Figure 4(a) shows twelve fluorescence patterns obtained from pyrene equilibrated with aqueous solutions of copolymer at various concentrations. The peak height-intensity ratio (I 3 /I 1 I 3 at 393 nm, I 1 at 373 nm) can be used as a sensitive parameter to represent the polarity of the microenvironment. 22 The respective I 3 /I 1 values have been plotted as a function of copolymer con- centration in Figure 4 (b) and the CMC of copolymer is determined to be 0.27 mg/L. This is a relative low concentration, which suggests that the micelle could remain stable in solution, even after extreme dilution. And this kind of block copolymer may be a good carrier for drugs. PSt-b-POEOMA-b-PSt Micelles Morphology and Encapsulation of Vitamin E in Micelles. In the selective solvent of a block copolymer, it is well known that the size of the resultant micelles is determined by the structure parameter of the block copolymer. Moreover, the size and stability of these micelles logically depend on the length of the two blocks and increase with copolymer concentration. The amphiphilic copolymer PSt-b-POEOMA-b-PSt can selfassemble into micelles with the hydrophobic part as inner cores and hydrophilic OEOMA300 chains as outer shells. Figure 5 shows typical TEM images of micelles in aqueous solution. It is clearly visualized there are a relative less compact POEOMA outer shell and more compact PSt inner core, revealing core-shell structure of the micelles. The coreshell micelles were well dispersed as individual nanoparticles. The hydrodynamic diameter and distribution of the micelles were estimated by DLS. Figures 6(a), 6 (b) and 6(c) show the sizes of amphiphilic copolymer micelles of S3, S2 and S1, respectively. Figure 6(d) displayed the drug-loaded micelles of S3. The mean diameter is 347.8, 343.1, 318.5 for S1, S2, S3, whose polydispersity (PDI) is 0.171, 0.118, 0.225 respectively. Compared to the micelles of block copolymers, the mean diameter of the drug-loaded micelle of S3 is 261.7 nm with a PDI of 0.228. A distinct relationship could be observed between the micelle size and copolymer composition in this work. The micelle size increased slightly with increasing the content of hydrophobic segments. After VE-loaded, the morphologies of the micelles were not changed clearly. They were also core-shell spherical micelles. Compared to the block copolymer micelles, the reason of the nearly same morphologies of the drug-loaded micelles was that VE with benzene rings had the similar structure to the copolymer, the physical interaction between the drug and the hydrophobic core was well enough, the mesoscopic morphology was also core-shell structure of the micelles.
Deatermination of Drug Loading Content. According to the Eq. (1), drug loading content of three kinds of micelles could be calculated by UV analysis, S3:81%, S2:79%, S1:76%. Then it could conclude that with increasing PSt content in the copolymer, the drug loading content of the micelles is increased. One reason was that hydrophobic interaction was the main driving force of drug compatibilizer. Meanwhile VE was also an amorphous state of drug. Because of hydrophobic chain of the micelles increased and amorphous state of the drug enhanced, the drug loading content would be increased. The other reason was that the vitamin E was at least partially miscible with the polystyrene phase of the block copolymers. So the amphiphilic block copolymer had relatively high performance of the lipidsoluble drug.
In vitro VE Release. The VE-loaded copolymer micelle has been obtained at 37 o C for pH 7.4 in vitro release profiles ( Figure 7 ). As can be seen, the drug release was slow and sustained, with close to 11% of its total drug content being released within the first 4 h and about 36% by the first 20 h. After 120 h, the total drug content being released reached about 79%. This suggests that the copolymer remains well soluble within the solution and the drug is safely encapsulated. So the drug-loaded micelle exhibited a generally smooth and constant release at pH 7.4.
Thermal Properties of the VE-loaded Copolymers. The copolymer micelle, especially the micellar core would interact with the drug, which to a certain extent would not only change the glass transition temperature of the polymer or the polymer phase behavior, but also reflect the copolymer and the drug compatibility according to the degree of interaction. 23 In order to investigate the physical state of micelle core before and after VE-loaded, the micelle samples fixed in liquid nitrogen and freeze-dried were studied by DSC. Figure 8 shows the DSC curves of the micelles before and after VE-loaded. It can be clearly observed that before VE-loaded there were an endothermic peak at about 70 o C and a step at about 120 o C in heat capacity traces of the micelles, corresponding to the glass transition temperature (Tg) of POEOMA and PSt, respectively.
24 After drug-loaded, the Tg of POEOMA did not change evidently, but the Tg of PSt reduced to 110 o C, and the range of the temperature broadened slightly. This indicates that after VE loaded to the micelle core, the flexibility of the polystyrene chain segment increased. The flexibility of a chain molecule is essentially determined by the rotational behaviour of the skeletal bonds and the intersegmental interactions. VE is characteristic with a long aliphatic chain, which can reduce the molecular interplanting force of the side group of polystyrene. This may be the reason of the increase of the flexibility of polystyrene. So the Tg of polystyrene reduced after drug-loaded. This proved that polystyrene exhibited a degree of miscibility with the lipid-soluble drug. So the result was consistent with the reason that the morphologies of the VE-loaded micelles did not change obviously, the diameter of micelles decreased after VE loaded and the high drug loading content of three kinds of micelles.
Conclusion
In summary, three kinds of PSt-b-POEOMA-b-PSt amphiphilic block copolymers were successfully synthesized using a simple method of RAFT polymerization. The block copolymer structure was confirmed by FTIR, 1 H NMR and GPC. The size and morphologies of these amphiphilic block copolymers and the drug-loaded micelles were demonstrated by DLS and TEM. Meanwhile, the thermal properties of copolymers and drug-loaded micelles were analyzed by DSC. The resultant data showed that the copolymer compositions agreed well with the feed ratio, indicating the controllable nature of the polymerization. These amphiphilic block copolymers could readily self-assemble into core-shell spherical nanosized micelles in aqueous solution. And the micelles could effectively load hydrophobic Vitamin E. Given the easy and effective method, the amphiphilic block copolymer PSt-b-POEOMA-b-PSt obtained by RAFT polymerization held significant promise for the carrier of hydrophobic drug and directional release applications, where the copolymers with the end functionality may combine with other compound such as biotin, pyrene, and GRGDS peptide.
